The mammalian brain is the most complex organ in the body. It controls all aspects of our bodily functions and interprets the world around us through our senses. It defines us as human beings through our memories and our ability to plan for the future. Crucial to all these functions is how the brain is wired in order to perform these tasks. The basic map of brain wiring occurs during embryonic and postnatal development through a series of precisely orchestrated developmental events regulated by specific molecular mechanisms. Below we review the most important features of mammalian brain wiring derived from work in both mammals and in nonmammalian species. These mechanisms are highly conserved throughout evolution, simply becoming more complex in the mammalian brain. This fascinating area of biology is uncovering the essence of what makes the mammalian brain able to perform the everyday tasks we take for granted, as well as those which give us the ability for extraordinary achievement.
I
n the adult nervous system, axons originating from groups of neurons in nuclei, specific cellular layers, or ganglia preferentially associate, for at least some of their pathway, in well defined white matter tracts precisely distributed along the rostrocaudal and dorsoventral axes. This feature is attributed to the preferred growth of developing axons along pre-existing axonal tracts (Goodman and Shatz 1993) . However, the first axons that appear in the developing brain grow in a largely axon-free environment, navigating superficially through undifferentiated neuroepithelial cells. These early axons are termed "pioneers," and are thought to lay down the path followed by later growing axons (Easter et al. 1994) . Later arriving axons tend to fasciculate with the pioneers through an established "scaffold" that provides a basic framework for "follower" axons. Timelapse studies have shown that the growth cone morphology, behavior and actin dynamics of pioneer axons are distinct from those of the follower axons, that are less complex, grow at a higher speed through choice points, and have higher actin dynamics (Bak and Fraser 2003; Kulkarni et al. 2007) . A role for pioneer axons in guiding followers (coming from the same nucleus or having a different origin) is primarily supported by experiments performed in fish embryos in which the pioneer axons were cut or ablated (Kuwada 1986; Chitnis and Kuwada 1991; Chitnis et al. 1992; Pike et al. 1992) .
Only in the late 1980s was it rediscovered that, in all vertebrate species, the first axonal tracts develop in an extremely conserved and stereotyped spatio-temporal sequence ( Fig. 1) . At a very early stage, pioneer axons establish growth patterns that are retained later in development, such as the formation of longitudinal versus circumferential growth, attraction or repulsion from the midline, and rostral or caudal orientation. In vertebrates, despite some species variation (Easter et al. 1993; Chédotal et al. 1995; Hjorth and Key 2002; Barreiro-Iglesias et al. 2008) , two to three ventral/basal longitudinal tracts form first, and extend from the forebrain and midbrain to the hindbrain; these include the tract of the postoptic commissure (TPOC), the medial longitudinal fasciculus (MLF), and the descending root of the mesencephalic nucleus of the trigeminal nerve (MesV). Dorso-ventral tracts form next with their axons later joining the longitudinal tracts, or crossing the midline to form commissures. In the last 20 years a major effort has been made to understand the mechanisms controlling the development of pioneer axons.
Classically, the embryonic neural tube has been subdivided longitudinally into three main vesicles, the prosencephalon, the mesencephalon, and the rhombencephalon, each separated by transverse constrictions. As development proceeds, new transverse segments, called prosomeres are added in the prosencephalon, with rhombomeres being added in the rhombencephalon (Lumsden and Keynes 1989; Puelles and Rubenstein 2003; Kiecker and Lumsden 2005) . The delineation of the neuroepithelial domains relies upon morphological and molecular criteria, as each domain expresses a distinct combination of transcription factors and cell adhesion molecules, set up by specific morphogens such as Fgfs, Shh, and Wnts that are enriched at their boundaries. Interestingly, these domains form before the first axons appear (HH9 in chick and E8.5 in mouse) (Sechrist and Bronner-Fraser 1991; Easter et al. 1993) . In fishes, birds, and rodents, there is a striking, albeit not absolute (Hjorth and Key 2001) , correlation between the sites where pioneer axons grow and the boundaries of the neuroepithelial domains (Krauss et al. 1991; Figdor and Stern 1993; Macdonald et al. 1994) . Therefore, in the hindbrain, the segmented pattern of motorneuron projections is dictated by their rhombomeric origin (Fig. 2 ) (Lumsden and Keynes 1989; Kiecker and Lumsden 2005) .
This alignment suggests that the first axons recognize guidance cues distributed in a regionalized manner in the neuroepithelium. In support of this idea, the trajectory of several early axonal tracts is perturbed in fish and mouse mutants lacking the transcription factors Pax6, or the Pax2 homolog Noi (No-isthmus, pax2.1; Macdonald et al. 1994; Mastick et al. 1997; Wilson et al. 1997) . Likewise, in zebrafish lacking cyclops (a nodal-related factor) the expression pattern of several transcription factors is altered and this is accompanied by a disorganization of early axonal tracts (Macdonald et al. 1994) . As some of the downstream targets of these transcription factors are cell adhesion molecules such as cadherins and other axon guidance molecules (Nguyen Ba-Charvet et al. 1998; Andrews and Mastick 2003; Geisen et al. 2008) , different cell surface properties may explain the selective preference of pioneer axons for some domains or, their exclusion from others.
In the forebrain, pioneering axon populations traverse boundaries, rather than forming in conjunction with them. For example, a transient and heterogenous layer of neurons populating the subplate of the neocortex (Ayoub and Kostovic 2009) pioneer the corticothalamic and thalamocortical trajectory forming the internal capsule. Disruption of the subplate causes defects in thalamocortical targeting (McConnell et al. 1989; Ghosh et al. 1990; Ghosh and Shatz 1992) . Transient contacts formed between subplate neurons and thalamocortical axons are also required for their proper segregation and synaptic refinement (Kanold et al. 2003) . Pioneering axons also form the first projections across the corpus callosum and are derived from the cingulate cortex, rather than the neocortex (Koester and O'Leary 1994; Rash and Richards 2001) . Recent evidence for their involvement in corpus callosum formation implicates Npn1/Sema signaling in this process (Piper et al. 2009 ).
Several studies suggest that homeobox transcription factors may themselves directly act as short-range secreted guidance factors for pioneer axons, with new evidence demonstrating the uptake and retrograde transport of transcription factors to neighboring cells (reviewed in Joliot 2003 and Brunet et al. 2007 ). The rostro-caudal distribution of retinal axons in the mesencephalon follows a gradient of the homeobox transcription factor Engrailed established by Fgf8 (Itasaki and Nakamura 1996; Chen et al. 2009 ) diffusing from the midbrain/hindbrain boundary. Engrailed activity may involve its downstream targets, ephrinA ligands, but it was recently shown that Engrailed can be secreted by tectal cells and internalized by retinal axons, inducing their turning (Brunet et al. 2005) . Likewise, some tracts extend along domains expressing a high level of Otx2 (Nguyen Ba-Charvet et al. 1998 ), a transcription factor that can also act non cell Kiecker and Lumsden, 2005. autonomously during brain development (Sugiyama et al. 2008) . Directly testing the non cell autonomous role of homeobox-containing transcription factors in early axonal tract development, will require blocking their secretion or internalization in vivo.
Other recent studies have shown that pioneer axons largely respond to the same set of guidance molecules as later born axons. In zebrafish, Sema3D initially repels MLF axons from the forebrain and attracts anterior commissural axons toward the midline; however at a later stage, it promotes the fasciculation of these tracts by influencing the cell surface level of L1-CAM (Wolman et al. 2004; Wolman et al. 2007 ). In chick, Sema3F/neuropilin-2 repulsion also plays a role in restraining the growth of chick trochlear motor axons at the midbrain/hindbrain boundary (Watanabe et al. 2004) . In chick and mice, caudally projecting longitudinal axons of the MLF and MesV express Robo receptors and grow between domains expressing high levels of Slit ligands (Molle et al. 2004; Farmer et al. 2008; Kastenhuber et al. 2009 ). In anamniotes, Slit/Robo signaling controls the fasciculation of TPOC axons that also extend over a Netrin-rich region in the basal forebrain (Wilson and Key 2006; Devine and Key 2008) .
The factors providing rostro-caudal directionality in the brain are still unknown but several morphogens such as Shh, Wnt, and Fgf may contribute. Fgf8 regulates the patterning of pioneer axons in the forebrain (Shanmugalingam et al. 2000) and attracts trochlear axons along the midbrain/hindbrain boundary (Irving et al. 2002) .
MECHANISMS OF AXON GUIDANCE IN THE BRAIN
The incredible complexity of the mammalian brain, and the targeting and growth of axons over long distances, requires a unique strategy for enabling brain wiring to occur during development. This is achieved through the use of intermediate targets. To accomplish axon navigation over long distances, the system is broken down into smaller, more manageable, guidance decisions through the use of intermediate targets consisting of glial cells or intermediate guidepost cells. In the hindbrain and midbrain this occurs through the floorplate, a transient, glial-like structure at the ventral midline of the brain. However, important differences exist between the forebrain and hindbrain. Whereas in the forebrain commissures are restricted to a limited number of locations, commissural axons are widespread throughout the hindbrain and spinal cord and tend to coalesce/fasciculate in well defined tracts only after they have crossed the midline and adopted a longitudinal growth mode. This important difference is likely to be related to the presence of floorplate cells that extend from the caudal tip of the spinal cord to the hypothalamus ( Fig. 3 ) and play a major role in patterning axonal connections at this CNS level through the secretion of chemoattractants and chemorepellents. By contrast, commissural axons in the forebrain appear to be channeled through very specific locations.
In the forebrain there is no floorplate structure but additional, transient midline glial populations are present that secrete similar guidance molecules to the floorplate in more caudal regions of the nervous system. Midline glial populations are associated with every commissural and decussating projection in the brain (Silver et al. 1993 ). These glial populations are known as the "palisade" (optic chiasm) , "tunnels" (anterior commissure and fornix) (Pires-Neto et al. 1998; Braga-de-Souza and Lent 2004; Lent et al. 2005) , "wedge" and "indusium griseum glia" (corpus callosum) (Shu and Richards 2001; Shu et al. 2003b) (Fig. 3) . Molecules expressed by these glial populations include Slits (Erskine et al. 2000; Plump et al. 2002; Shu et al. 2003c ), Wnts (Keeble and Cooper 2006), Ephrins (Mendes et al. 2006; Williams et al., 2003) , Draxin ), and chondroitin sulphate proteoglycans (Braga-de-Souza and Lent 2004) . The development of these glial populations is regulated by transcription factors such as Nfi genes (Shu et al. 2003a; Steele-Perkins et al. 2005; Barry et al. 2008) and fibroblast growth factor signaling (Smith et al. 2006) . Like the floor plate, each of these populations is transient and only present during development of the axon tracts with which they are associated.
In addition to transient glial populations in the brain, a number of transient neuronal populations have also been identified that act as "guidepost cells" or "corridor cells" for axons. In the developing olfactory system, the major efferent projection from the olfactory bulb is the lateral olfactory tract (LOT), which contains guidepost cells, known as LOT cells (Tomioka et al. 2000 ; Figure 3 ). LOT cells migrate tangentially and ventrally from the neocortex to reside within the lateral forebrain where the LOT will later form. The migration of these cells is directed by Netrin and Sema3F (Kawasaki et al. 2006; Ito et al. 2008) and the development of the LOT axons depends on the presence of these cells. Slits secreted from the septum, and several secreted semaphorins, also play a key role in LOT positioning (de Castro et al. 1999; Nguyen Ba-Charvet et al. 1999; Nguyen-Ba-Charvet et al. 2002; Fouquet et al. 2007 ). In the telencephalon, several other migratory populations of neurons are implicated in axon guidance. The subcallosal sling cells (Silver et al. 1982; Shu et al. 2003b ) and neurons within the corpus callosum (Riederer et al. 2004; Niquille et al. 2009 ) guide axons of the corpus callosum, and "corridor" cells in the internal capsule guide thalamocortical axons into the cortex through their expression of neuregulin (Lopez-Bendito et al. 2006) (Fig. 3) . Similarly, early born neurons at the optic chiasm are required for the guidance of retinal ganglion cell axons at the midline Sretavan et al. 1995) . A driving hypothesis in the field of axon guidance has been that axonal growth cones are guided by molecular gradients within the developing nervous system. Although several in vitro assays have allowed this hypothesis to be tested (reviewed in Pujic et al. 2009 ), the exact parameters required for axonal chemotaxis are still being uncovered . What is established is that throughout the neuraxis both attractive and repulsive guidance mechanisms operate to guide axons. In the forebrain, midbrain and spinal cord, Draxin acts as a repellent Naser et al. 2009 ) expressed by the roof plate in the spinal cord and the glial wedge in the forebrain. Molecules of the Neuropilin and Semaphorin families mediate guidance through both attraction and repulsion and play an important role in the guidance and positioning of the corpus callosum and anterior commissure (Falk et al. 2005; Niquille et al. 2009; Piper et al. 2009; Hatanaka et al., 2009 ). Netrin1 acts as an attractant for corticofugal (Metin et al. 1997; Richards et al. 1997 ) and thalamocortical pathways (Braisted et al. 2000) . These tracts, as well as many of the other commissural projections in the brain, are affected in both Netrin1 and DCC mutant mice (Serafini et al. 1996; Fazeli et al. 1997 ). In the visual system Netrin1 guides axons at the optic disk to enter the optic nerve (Deiner et al. 1997) . Slits have been shown to act as chemorepulsive signals for decussating axons at the optic chiasm (Erskine et al. 2000; Plump et al. 2002) as well as callosal axons (Shu and Richards 2001; Bagri et al. 2002; Shu et al. 2003c ) but their role in mediating the guidance of other forebrain commissural projections has not been thoroughly investigated. In a number of systems Slits and their receptors, Robos, have also been shown to regulate the fasciculation of axon tracts. As described earlier, the formation of pioneering axon tracts in the brain allows for later arriving axons to use the pioneers for guidance by fasciculating with these axons. Fasciculation occurs through axon -axon interactions and may be mediated by cell adhesion molecules (CAMs), such as NCAM, L1-CAM or TAG-1 or through receptor homophilic interactions between axons mediated by Robo or Eph receptors.
Despite the obvious neurological relevance, the mechanisms controlling the growth of axonal projections from neurons using biogenic amine neurotransmitters such as cathecholamines (noradrenaline and dopamine), acetylcholine, or Serotonin (5-hydroxytryptamine or5-HT) has been largely neglected. Recent studies on the ontogeny of these systems in zebrafish will allow the use of genetic methods to answer this question (McLean and Fetcho 2004; Kastenhuber et al. 2009; Lillesaar et al. 2009 ). In rodents, the growth of dopaminergic axons from the midbrain toward the forebrain appears to be guided by classic secreted axon guidance molecules (Fig. 4) Marillat et al. 2002; Hernandez-Montiel et al. 2008) and respond to several Semaphorins and Slit proteins. The rostral growth of dopaminergic axons is influenced by a repulsive gradient of Sema3F, regulated by Fgf8 originating at the midbrain/hindbrain boundary Kolk et al., 2009; Yamauchi et al. 2009 ). These axons are also guided by the attractive activity of Sema3A and Sema3C produced A. Ché dotal and L.J. Richards in the diencephalon and striatum (HernandezMontiel et al. 2008; Yamauchi et al. 2009 ) and Sema 3F, acting through Npn2, in the medial prefrontal cortex (Kolk et al., 2009 ). Dopaminergic axons also respond in vitro to floorplate explants, and Netrin1 and Slit proteins (Lin et al. 2005) . Finally, dopaminergic projections that are primarily ipsilateral, defasciculate and cross the midline in Slit1/Slit2 doubleknockout mice (Bagri et al. 2002) .
Axonal projections typically form in a stereotyped manner. However, the remarkable plasticity of the brain was highlighted recently in a study on Sema6A mutant mice (Little et al. 2009 ). As the majority of mouse models with mutations in axonal guidance genes die at birth, there has been little opportunity to investigate what happens to mis-targeted axons in the adult animal. However in the Sema6A mutant, which does survive to adulthood, some thalamic axons from the lateral geniculate nucleus project ectopically into the neocortex via the upper layers. Even though the primary visual area is decreased, the ectopic projections remain in the adult (Little et al. 2009 ). This finding illustrates the plasticity of axonal targeting and the ability to retain functional ectopic projections into adulthood.
CONTRALATERAL AND IPSILATERAL TRACTS IN THE BRAIN
The mammalian brain is wired based on functional specificity, with different regions of the brain that subserve the same functional modality being connected. The establishment of this functional specificity is controlled by gene expression early in development, followed by later, activity-dependent mechanisms of refinement.
In the forebrain, recent studies suggest that transcriptional control of axon specificity occurs as neurons are born in the ventricular and subventricular zones (VZ and SVZ, respectively) of the neocortex. Neocortical connectivity involves both VZ and SVZ projection neurons, and interneurons, born in the ventral forebrain and cortical hem (reviewed in Pierani and Wassef 2009). Projection neurons wire the brain over long distances and provide connectivity between different regions of the brain specializing in the same sensory-motor modality. How projection neurons find their targets within the brain is an important question in neurobiology. Recent insight has come from studies identifying transcription factors that impart layer and connection specificity to projection neurons in the cortex (reviewed in Molyneaux et al. 2007 and Leone et al. 2008) . Some of the most significant experiments in this regard involve the manipulation of gene expression, resulting in the re-specification of axons to a different projection neuron type. For example Ctip2, Fezf2, and Sox5 specify subcerebral projections and Satb2 specifies callosal projections in this system (Molyneaux et al. 2005; Alcamo et al. 2008; Arlotta et al. 2008; Britanova et al. 2008; Chen et al. 2008; Kwan et al. 2008; Lai et al. 2008) . In addition to these studies, transcription factors also regulate regional differences in the human brain (Johnson et al., 2009) , as well as axon pathway specificity in other tracts including the retino-tectal system and thalamocortical projection, and also the spinal cord motor-and sensory-neuron projections (reviewed in Polleux et al. 2007) . Likewise, in the hindbrain and spinal cord, transcription factors such as homeodomain containing proteins act upstream of many axon guidance receptors and ligands (see Chédotal and Rijli 2009 for a review) .
In addition to layer and cell-type specification, axonal guidance molecules within the brain play a crucial role in determining axon tract development. The formation of both ipsilaterally and contralaterally projecting axon tracts allows the brain to integrate sensory and motor information from the environment from both sides of the body and to perform the appropriatebehavioral responses. Similarly, evolutionarily conserved molecules, such as Slits, IgCAMs, Netrins, Semaphorins and Ephrins regulate axon tract formation in the mammalian brain. There are examples of molecules from each guidance family that regulate the formation of both ipsilateral and contralateral projections: thus the initial direction of growth may not be specified by axonal guidance molecules, but rather by transcriptional regulation. These transcription factors could regulate the expression of receptors at specific times in development to allow the axon to be guided by extrinsic cues (e.g., in the visual system) (Petros et al. 2008) , but as yet it is unclear how transcriptional regulation is able to impart axon tract and guidance specificity within most systems of the brain (Chédotal and Rijli 2009) .
HOW NEURONS LOCATE AND SYNAPSE WITH THEIR TARGET IN THE MAMMALIAN BRAIN
In vivo, eye rotation, ablation (e.g., in the visual system, reviewed in Goodhill and Richards 1999) and axon rerouting (reviewed in Sur and Rubenstein 2005) have been used to investigate the role of activity-dependent mechanisms in axonal guidance and the refinements of map formation. Our understanding of both molecular and activity-dependent mechanisms are based on these experimental paradigms.
As far as axon guidance is concerned, not all neurons are born equal. Making synapses on the proper target cells is a problem of extreme complexity depending on the type of neuron. At one extreme, this is not an issue for neurons that do not have an axon, such as most amacrine cells in the retina and granule cells in the olfactory bulb. At the other extreme, it is a particularly challenging task for axons forming point-to-point connections with a unique distant target cell(s). Moreover, the distribution of most axon terminals on their target neuron is not random, but restricted to specific subcellular compartments such as the cell body, dendrite, spines and axon. Here we summarize An initial, important distinction can be made between interneurons that will contact target cells in their immediate vicinity, and projection neurons whose targets can be millimeters away. Axons from different types of interneurons do not grow and synapse randomly but arborize in specific patterns and layers, as best exemplified in the cerebral cortex (Huang et al. 2007; Ascoli et al. 2008; BatistaBrito and Fishell 2009) .
Recent studies have started to reveal that cell-adhesion molecules of the immunoglobulin superfamily (IgCAM) guide the axons of several classes of interneurons in the forebrain and hindbrain. In the molecular layer of the cerebellum, two types of GABAergic inhibitory interneurons, basket cells and stellate cells, innervate the same target, the Purkinje cell, which is the only output neuron of the cerebellar cortex (Sotelo 2008) . Whereas stellate cell axons only innervate the smooth surface of Purkinje cell proximal dendrites, basket cells innervate the Purkinje cell soma and axon at the level of the axon initial segment, forming characteristic "pinceaux" formations (Sotelo 2008) . Two proteins of the L1-CAM family of IgCAMs control the differential targeting of stellate and basket cells (Ango et al. 2004; Ango et al. 2008) . Neurofascin 186 was shown to be expressed in a gradient on the Purkinje cell body and enriched at the axon initial segment, where it binds AnkyrinG (Ango et al. 2004) . Basket cell axons fail to target properly to the axon initial segment when the NF186 gradient is abolished, such as in AnkyrinG knockout mice or following expression of a dominant-negative form of neurofascin in Purkinje cells (Fig. 5) . Homophilic interactions between the processes of Bergmann glia and stellate cell axons appear to guide these axons to the Purkinje cell dendrites (Ango et al. 2008) . This involves close homolog of L1 (CHL1), because in CHL1 knockout mice, stellate cell axons fail to properly innervate the Purkinje cell dendrites. In the retina, homophilic interactions involving DsCAMs and Sidekick IgCAMs coordinate the precise wiring of subsets of bipolar neurons, amacrine cells and retinal ganglion cells in the inner plexiform layer (Yamagata and Sanes 2008) .
Guiding long projection axons is also quite a variable challenge depending on the type of neurons. Thalamic axons are guided to specific regions and layers of cortex through the expression of molecules such as ephrin/Eph but are also sorted in the internal capsule prior to entering the cortex through both ephrin/Eph signaling and Netrin1 (Dufour et al. 2003; Powell et al. 2008) . Corticospinal axons, which constitute the longest axonal projections in the nervous system, are guided by the expression of multiple guidance molecules, including the expression of a Wnt gradient that directs them posteriorly (Liu et al. 2005; Canty and Murphy 2008) . The topography of aminergic projections is rather loose. Cholinergic neurons from the basal forebrain (medial septum, diagonal band of Broca, substantia inominata, and globus pallidus) extensively innervate the cerebral cortex (Gould et al. 1991) . Midbrain dopaminergic neurons from the substantia nigra and ventral tegmental area project primarily to the striatum and neocortex. The density of dopaminergic inputs varies between cortical layers and areas but there is no clear specificity. This is also the case for noradrenegic projections from the locus coeruleus and serotonergic projections from the brainstem that project diffusely throughout the brain and spinal cord (Gaspar et al. 2003) .
In contrast to aminergic neurons, most projection neurons establish some precisely patterned projections upon entering their target domain. Although activity-dependent mechanisms control the final refinement of these projections, their targeting to specific layers and neurons, as well as their subcellular localization, are primarily instructed by extrinsic cues.
In the developing hippocampus, axons from the entorhinal cortex synapse onto the distal part of granule cell dendrites in the dentate gyrus, whereas the proximal region of the dendrite is targeted by commissural/associational axons from the contralateral hippocampus (Super and Soriano 1994; Forster et al. 2006 ). Prior to contacting granule cells, entorhinal axons also project onto a transient neuronal population, the Cajal-Retzius cells. Preventing this contact severely perturbs their final targeting (Del Rio et al. 1997) and Reelin, secreted by the Cajal-Retzius cells, may be involved.
Other examples illustrating the role of axon guidance molecules in projection map formation are presented in O'Leary (2010) . Interestingly, mounting evidence suggests that the development of point-to-point projections is influenced by aminergic systems, in particular serotonin. Serotonin is expressed early in embryonic development and growing axons can release it before synaptogenesis. The segregation of thalamocortical axons in the barrel field of the somatosensory cortex is blocked in several lines of genetically modified mice with increased levels of serotonin (Gaspar et al. 2003) (Fig. 6 ). This also affects the segregation of ipsilateral/contralateral eye inputs in the lateral geniculate nucleus. At earlier ages, serotonin can also influence the guidance of thalamocortical axons by converting Netrin1 activity from attraction to repulsion (Bonnin et al. 2007 ). The action of serotonin on developing axons appears mediated to a large extent by G i/o -coupled 5-HT 1B receptors, which induce a decrease of cAMP level.
A similar role for other biogenic amines has not yet been demonstrated, but acetylcholine produced by some amacrine cells is essential for the establishment of visual projection maps (Cang et al. 2008; Huberman et al. 2008) . Acetylcholine attracts spinal cord axons in the Xenopus turning assay (Zheng et al. 1994) , suggesting that this neurotransmitter could influence axon guidance in many brain areas. Interestingly, other circulating proteins such as
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High serotonin B a r r e l f ie ld Figure 6 . Serotonin influences axonal arborization during development. In layer IVof the somatosensory cortex, thalamic axons conveying sensory information from the same whisker cluster and arborize in the same domain called a "barrel." When the level of serotonin is increased during development, such as occurs in MaoA and SERT knockout mice, the barrel field does not form and thalamic axon terminals corresponding to distinct whiskers overlap. Adapted from Gaspar et al., 2003. A. Ché dotal and L.J. Richards endocannabinoids (Berghuis et al. 2007 ) and leptin (Bouret et al. 2004 ) can also influence axon guidance.
IV
CURRENT DIRECTIONS IN MAMMALIAN BRAIN WIRING
The work described here has demonstrated some overarching mechanistic principles in mammalian brain wiring. Pioneer axons first set the stage for the general axonal map of the brain. Second, neuronal populations are generated and specified by the expression of transcription factors, with these neurons sending out axons that grow towards their final targets through the use of intermediate targets such as glial and corridor cells along the pathway. Target and synapse specificity in the region of the final target is coordinated both through molecular and activity-dependent mechanisms. These sequential mechanisms, working together in neurons forming different, but vital, functions in the brain underlie the functional circuitry of the adult brain. Future directions for this field will involve exciting technical advances in observing single neurons and neuronal circuits with fluorescent labels or via brain imaging technologies (e.g., see lines available from the Gensat consortium) (Gong et al. 2003 and Brainbow technology; Livet et al. 2007 ) (Fig. 7) . A coordinated effort In D, regions of interest (ROI) were selected across the brain, with axon tracts shown that pass through the midline. E demonstrates a more selective placement of ROI's, one at the midline within the anterior commissure (arrowheads in E depict both the anterior and posterior arms of the anterior commissure that pass through the ROI at the midline), and one in the hindbrain at the midline within the middle cerebellar peduncle and pontine transverse fibers (arrowhead in E). Images in C-E courtesy of Dr Nyoman Kurniawan and Dr Randal Moldrich (The University of Queensland). Scale bar in E ¼ 400 mm in A, 80 mm in B, 2 mm in C and E and 1.35 mm in D.
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is also now underway to map neuronal connectivity in the brains of multiple organisms (Bohland et al. 2009 ), particularly mouse and macaque, and to develop the tools for mapping human neuronal connectivity on an unprecedented scale. This research will lead to another leap in our understanding of brain structure and function as we will be able to dissect neuronal circuits at both the microscopic and systems levels in ways that were previously impossible. Imaging the entire brain to understand systems level questions is also progressing at a rapid rate. Magnetic resonance imaging has been used to examine the gross anatomy of the living human brain. Recent advances in this field have led to developments in noninvasive axonal tractography and tract tracing. Diffusion tensor, and diffusion weighted, imaging allow the color-coding of axonal tracts in the brain depending on the fiber orientation (Behrens et al. 2003) (Fig. 7) . Newer methods known as high angular resolution diffusion imaging (HARDI) and q-Ball tractography allow even greater accuracy, particularly in regions of crossing fibers. Techniques such as these can be used on both fixed tissue and living brains and can provide incredible threedimensional reconstruction of axonal pathways and their relationship to other axonal tracts in the brain (Fig. 7) . Recent use of this technique in patients with callosal hypogenesis has demonstrated a remarkable array of differences in brain wiring between patients with similar gross-anatomical features (Wahl et al. 2009 ) and has even highlighted the formation of ectopic connections in these patients (TovarMoll et al. 2007 ). This work has set the stage for an unprecedented understanding and measurement of human brain plasticity during development and following injury or disease, as well as the possibility to relate actual brain connectivity with human behavior.
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